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Use of hydrogenation in the study of the properties of amorphous 
germanium tin aUoys 
I. Chambouleyron and F. C. Marques 
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(Received 20 June 1988; accepted for publication 19 October 1988) 
A study of the macroscopic properties of a-Ge:Sn and a-Ge:Sn:H films is presented. The 
samples were prepared by the rf sputtering method on substrates held at 180 0c. Their 
composition and structure were characterized, and the transport and optical properties were 
studied. The role and influence of hydrogen on the general properties of the alloys have been 
established. 
I. INTRODUCTION 
The two most studied classes of amorphous semicon-
ductors are chalcogenide glasses and tetrahedrally bonded 
alloys. Only the latter can be prepared as electronic materi-
als in the sense that their electrical conductivity can be mod-
ulated by appropriate chemical doping. I It is by now well 
established that these characteristics are a direct conse-
quence of the role of hydrogen as a dangling bond passivat-
ing agent in the network. Today a-Si:H is an electronic semi-
conductor of controllable quality. On the basis of the present 
knowledge of the physics and chemistry of a-Si:H films, re-
markable progress has been made in device manufacturing, 
i.e., high efficiency p-i-n solar cells, thin-film transistors, 
electrophotography, and imaging devices. 2 
The study of a-Ge:H films has been relegated as com-
pared to a-Si:H, mainly because the material obtained by 
different deposition methods does not have good electronic 
properties. The reasons for this deficiency are not clear yet. 
Recent advances have been reported on hydrogenated and 
fluorinated a-Ge.:1 
The need of cheap and efficient materials for the photo-
voltaic conversion of solar energy, and the possibi.1ity of 
manufacturing multiple junction amorphous solar cells, lead 
many research groups to investigate new compound amor-
phous semiconductors. The possibility of tailoring the op-
toelectronic properties of such alloys by varying their com-
position considerably widens the existing application 
spectrum. Today, most of the research efforts are directed 
towards the understanding and mastering of the properties 
of a-Si:Ge:H alloys. On the narrow-band-gap side, some 
work has been done on a-Si:Sn:H, where it has been found 
that its electronic properties degrade very rapidly as the tin 
content in the aHoy increases.4 
The a-Ge:Sn system was first prepared by Temkin, Con-
nell, and PaulS and the properties of unhydrogenated alloys 
deposited at - lO·C were reported. In the present paper we 
are concerned with the properties of hydrogenated and un-
hydrogenated amorphous Ge-Sn films deposited at higher 
temperatures (180 ·C). The general properties of these 
films, as well as the influence of hydrogen atoms on the opti-
cal and transport properties of the alloys, are presented and 
discussed for the first time. 
II. EXPERIMENT 
A. Material preparation 
Amorphous Ge and Gel _ x Snx ' as well as a-Ge:H and 
a-Gel _ xSn,.:H films, were deposited by the rf sputtering 
method in a Leybold Heraus Z-400 apparatus. The target 
was a 2-in.~diam, 1/4-in.- thick, 99.999% pure Ge disk upon 
which small pieces of99.999% Sn were placed in an approxi-
mately random way to prepare alloy films. The system was 
dry pumped, prior to deposition, to a base pressure of 10-6 
mbar for 1 h. The argon gas was of 99.9995-at. % nominal 
purity. All samples were prepared under identical deposition 
conditions, the only variable being the Sn target coverage. A 
series of five samples corresponds to unhydrogenated films, 
and another series of five to hydrogenated material. The tin 
content of the samples varied between 0 and around 30 
at. %. The substrates, quartz, near-intrinsic crystalline sili-
con, and Corning 7959 glass, were ultrasonically predeaned 
and kept at 180·C during deposition. Typical sample thick-
ness was 1 {-tm. The target was plasma etched for several 
minutes before starting each nm. The total pressure was 
0.015 mbar in all cases. For hydrogenated samples the H2 
partial pressure was adjusted prior to deposition. During the 
discharge the hydrogen flow was kept constant. The rf pow-
er was adjusted in each series in order to give a deposition 
rate of approximately 1 Also As the sputtering yield is higher 
for Sn than for Ge, a constant deposition rate for aU samples 
implies a varying rfpower, which has to be decreased as the 
metal coverage of the Ge target increases. One of the conse-
quences of the smaner rf power fed into the plasma is a 
poorer hydrogenation of the metal-rich films. 
8. Measurements 
After deposition the structural properties were investi-
gated by x-ray diffraction in a PW 1140 Philips generator 
(CuKa line) coupled to a diffractometer at a scan speed of 
0.5 deg/min. All the samples proved to be x-ray amorphous. 
Nevertheless, the hydrogenated samples having larger tin 
contents showed some of the characteristic diffraction peaks 
of {3-Sn, a clear indication of metallic segregation. In the case 
of the sample with the highest concentration of tin (27 
at. %), the metal particles on the surface could be detected 
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by visual inspection. The topography and composition of 
unhydrogenated samples were determined by several meth-
ods. Topography images were obtained by secondary elec-
tron imaging and the composition by electron probe micro-
analysis using a scanning electron microscope CAMECA 
model Camebax. A beam energy of 15 keY was chosen in 
order to avoid interactions of the probe with the substrate. 
Under these conditions the probe penetration for pure Ge is 
of the order of 0.5 pm. These results were compared with 
those obtained from x-ray photoelectron spectroscopy per-
formed i.n a McPherson 36 electron spectrometer for chemi-
cal analysis (ESCA), and also with sample composition ob-
tained with Rutherford backscattering spectrometry (RBS) 
techniques. Finally, the composition and bonding configura-
tion of unhydrogenated films were analyzed by conversion 
electrons Mossbauer spectroscopy (CEMS). The results of 
this specific study are given in Ref. 6. 
The optical transmission of the samples was measured 
in the visible and infrared regions of the spectrum. In the 
4000-25 000 wave-number range a Karl Zeiss DMR 21 
spectrophotometer was used, while a Jaseo A 202 infrared 
apparatus gave the transmission features in the 400-4000 
wave-number range. The hydrogen content ofthe films was 
deduced from the integrated area under the absorption peak 
corresponding to the Ge-H wagging mode.7 
Coplanar lO-mm-long aluminum strips 1 mm apart 
were evaporated on the samples. Excellent ohmic behavior 
was observed in the 10-100-V polarization range. Conduc-
tivity measurements were made using dc biases of 50 V, and 
10 V for hydrogenated and unhydrogenated samples, respec-
tively. The dark conductivity was measured in an evacuated 
chamber in the 120-400-K range. Photoconductivity mea-
surements were made only at room temperature using a mer-
cury-halogen lamp (ELH) and a radiation power density of 
80mW/cm2. 
III. RESULTS 
A. Material composition 
An overview of the estimated and measured composi-
tion of the samples is given in Table I. The tin concentrations 
TABLE L Deposition rate, thickness, and composition of the rfsputtered 
a-Ge:Sn and a-Ge:Sn:H samples. 
Tin (at. %) Dep. 
Sample Hydrogen rate Thick. 
No. a ESCA RBS (at. %) (A/s) (pm) 
01 0 0 0 0.9 0.85 
02 0 0 14 0.9 1.02 
03 1 4 4 0 1.2 1.08 
04 1 4 9 1.1 0.99 
05 10 23 15 0 LO 0.92 
06 10 15 5 1.0 0.94 
07 15 (21 b ) 0 LO 0.90 
08 15 ? 1.0 
09 20 40 27 0 1.0 0.90 
\0 20 ? 1.0 
a Estimated from sputtering yield and target coverage, 
"The composition of sample No. 07 (21-at.% tin) has been deduced from 
the metal coverage of the target and the RBS composition of sample Nos. 
05 and 09. 
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estimated from the sputtering yield of each element and the 
area covered by metallic Sn are in all cases inferior to the 
content measured, either by ESCA or RBS. The discrepancy 
might have its origin in a wrong estimate of the sputtered 
area. The uncertainity in the composition measured with 
ESCA is of nearly 35%. RES spectra of unhydrogenated 
samples deposited onto glass substrates indicate that there is 
no segregation, neither in the outermost surface nor in the 
interior of the film.6 These considerations lead us to believe 
that the composition given by RBS is nearer to the true mate-
rial composition. Tin concentration values of a couple of 
samples were also determined with electron probe micro-
analysis. The resulting values ranged between those given by 
ESCA and RBS measurements. It is important to stress here 
that these material composition studies were only made in 
unhydrogenated samples. Hydrogenated samples are as-
sumed to have the same tin to germanium relative content. 
In other words, the Ge-Sn alloy behaves as a single compo-
nent of the new hydrogenated alloy. Therefore, the composi-
tion of hydrogenated samples should be thought of as 
(Ge1_xSnx ) l_y:Hy . 
A few comments are worthwhile in referring to metallic 
segregation. It has been observed that the tendency of the 
material to segregate metallic tin strongly depends on three 
deposition parameters: the substrate temperature, the cover-
age of the target, and the hydrogen partial pressure during 
the discharge. The increase of anyone of the three increases 
the segregation tendency. Evidently, the tendency is accen-
tuated if more than one of the mentioned deposition param-
eters are increased simultaneously. 
B. Optical properties 
Figure 1 shows a Tauc's law type plot of some of the 
samples listed in Table I. The extrapolated optical gaps are 
also indicated and listed in Table II. It is clear from the figure 
that the pseudogap of these amorphous alloys narrows as the 
tin concentration increases. It is also evident that hydrogen 
acts in an opposite way, Le., it widens the pseudo gap. Other 
effects of hydrogenation appear in Figs. 2 and 3. Figure 2 
shows the infrared transmission of two identical samples, 
except their hydrogen content. Two main absorption peaks 
appear. They have been associated in the literature 7 to the 
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FIG. 1. Square root of the product of the absorption coefficient and the 
photon energy for some of the samples of Table 1. The extrapolated optical 
band gaps are also indicated. 
I. Chambouleyron and F. C, Marques 1592 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
143.106.108.149 On: Thu, 25 Jun 2015 14:25:30
TABLE n. Optical and transport properties of the a-Ge. a-Ge:H, a-Ge:Sn, 
and a-Ge:Sn:H samples. 
Forbidden Refractive Activation Room-temp. 
Sample band index energy (eV) conductivity 
No. (eV) (at IR) (300-400 K) W cm)-' 
01 0.70 4.38 5.7X 10-3 
02 1.04 3.96 0,45 L8X 10-5 
03 0.66 4.43 1.7 X 10 2 
04 0.98 4.05 0,48 1.2 X 10' 
05 0.58 4.73 5.6X 10-2 
06 0.78 4.32 0.34 lAX 10-3 
Oi 0.44 5.0" 
08 
09 0.37 5.2a 3.0X 10-' 
10 
a Estimated. 
stretching and the wagging vibrations of the Ge-H (1895 
and 565 cm- I ) configurations, respectively. No specific ab-
sorption features related to Sn-H or to Sn-Hz have been ob-
served in any sample. Table I also indicates that as the tin 
content increases in the samples, the hydrogen content de-
creases. As already explained, this fact is certainly the conse-
quence of keeping a constant deposition rate for all sample 
compositions, which in turn implies a smaller rfpower in the 
plasma for Sn richer samples. A decreased rf power during 
deposition means a lower concentration of atomic hydrogen 
in the plasma and, consequently, a lower H content in the 
films. Figure 3 shows the form of the stretching absorption 
band. The dashed lines represent the best fit to experimental 
points given by a couple of Gaussian-type absorption bands. 
They are similar in shape and energy to the reported absorp-
tion bands of amorphous germanium. 7 
c. Transport properties 
Figure 4 shows the effects of hydrogenation on the 
transport properties of amorphous germanium (samples 
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FIG. 2. Infrared transmission spectra of two a-Gdin films. The absorption 
peaks appearing on the hydrogenated sample correspond to the stretching 
and wagging modes of the Ge-H and Ge-H, configuration. 
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FIG. 3. Absorption coefficient vs photon energy of the stretching vibration 
of a hydrogenated Ge:Sn sample< The absorption band can be well fitted 
with two Gaussian curves corresponding to the Ge-H and Ge-H2 vibration-
al modes. However, thc absorption peak is slightly shifted towards lower 
energy. 
No. 01 and No. 02). Remember that thesea-Ge anda-Ge:H 
fiims were grown under conditions indentical to those used 
to prepare the Ge-Sn alloys. They are the reference samples 
in the present study. Figure 4 indicates, for both samples, the 
dark conductivity versus the inverse absolute temperature. 
Within our experimental measurement range a-Ge:H pos-
sesses an activated type conductivity. The improvement of 
the electronic properties of a-Ge by the use of hydrogen has 
been amply reported in the literature8 •9 and explained in 
terms of dangling bond passivation and network relaxation. 
The results of Fig. 4 confirm previous reports and will be 
useful for comparison purposes when studying similar ef-
fects in Ge-Sn alloys. 
Figure 5 shows the dark conductivity versus the inverse 
absolute temperature of some samples ofT able I. It becomes 
apparent from the figure that the presence of hydrogen dur-
ing the deposition process greatly modifies the conduction 
mechanisms of the Ge-Sn layers, in a way similar to that 
observed in Fig. 4 for pure a-Ge. However, some significant 
differences appear in the values of the corresponding activa-
tion energies< and in the general shape of the curves. As ex-
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FIG. 4. Dark conductivity 
of a-Ge:H films as a func-
tion of inverse temperatl!fc. 
The presence of hydrogen 
in the reactor chamber 
changes the conductivity 
by orders of magnitude and 
the electronic conduction 
becomes an activated pro-
cess . 
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FIG. 5. Dark conductivity 
of a-Ge:Sn and a-Ge:Sn:H 
films as a function of in-
verse temperature. The 
beneficial effects of hydro-
gen in removing electronic 
states in the pseudogap can 
be clearly seen. The COIl-
duction process becomes 
activated but the activation 
energies and the tempera-
ture range of activated con-
duction depend on alloy 
composition. 
pected, the activation energies become smaller as the band 
gap of the alloy decreases. Futhermore, the temperature 
range of activated conduction decreases and other conduc-
tion paths (not through extended states in the bands) appear 
to contribute up to higher temperatures. This behavior may 
be due to a combination of several causes. Among them we 
may cite the following: the decreasing H content in the sam-
ples as the tin content increases; an increased density of Ge 
defect centers due to network strains; or the appearance of 
new electronic states in the band gap. Unhydrogenated sam-
ples seem to have two different conductivity regions, the 
high~temperature one appearing to be of the activated type. 
IV. DISCUSSION 
A.. A.lloy composition and metallic segregation 
Under equilibrium conditions the solubility of tin in ger~ 
manium is very low. 10 However, rapid cooling methods al-
low preparation of supersaturated solutions of Sn in Ge. In 
this case Mossbauer spectroscopy confinns that the Sn 
atoms in the crystalline Ge lattice form spJ hybrid chemical 
bonds typical of Ge and a-Sn. II Temkin and Paul '2 studied 
the structural and optical properties of amorphous 
Gel_xSnx films in the range x,;;;;O.5. These authors showed 
that it was possible to prepare amorphous films containing 
higher tin content by the rf sputtering of pressed powder 
targets in argon, the substrates being held at - 10 0c. Under 
these preparation conditions the amorphous films have a 
random tetrahedral bonding, the relative ratio of Ge---Sn 
bonds to Ge-Ge bonds (and to Sn-Sn bonds) being of 
around 2: 1 in the x = 0.5 composition. In a recent work,6 
our group reported on the structure and composition of a~ 
Ge:Sn unhydrogenated samples prepared at higher tempera~ 
tures (180 °C) and cooled down at a slow rates (- 2 °CI 
min). CEMS studies on samples having up to 27~at. % tin 
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confirm the presence of 119mSn in amorphous germanium. 
The CEMS spectra could be perfectly fitted with just one 
singlet, the characteristics of which indicate that all Sn 
atoms appear to bond to four Ge atoms in a covalent tetrahe~ 
dral configuration. In other words, no defect structures 
could be detected by Mossbauer spectroscopy around tin 
sites. These results established some new features concern-
ing the bonding configuration of the alloys as compared to 
the results of Ref. 5. 
In a complementary work l2 the group at Harvard stud~ 
ied the crystallization temperature (Tc) of alloyed samples 
containing varying amounts of tin. Their data may be fitted 
approximately by Tc (K) ~ 770(1 - x), an empirical find-
ing announcing that an upper limit of around 60-at. % tin 
exists for an amorphous Ge-Sn alloy stable at room tempera-
ture. Moreover, a linear interpolation between the electronic 
band structures of crystalline Ge and a-Sn predicts a semi-
conducting behavior for x,;;;;0.6, higher metallic concentra~ 
tions giving a semimetal structure. B Thus, in principle, it is 
possible to prepare amorphous Ge-Sn films with band gaps 
varying between 0 and nearly 1 eV. Band~gap variations 
within this range can also be obtained with Si-Sn alloys, al-
though the crystallization temperatures, the problem of the 
metal segregation and the composition versus band-gap rela-
tionship are different than those referring to Ge-Sn alloys. It 
is worth remembering, however, that the differences in atom 
size and in the electronic configuration are smaller between 
Ge and Sn. As a consequence, it is resonable to expect that 
narrow~band~gap a-Ge:Sn films would be much less defec-
tive and would have much better electronic properties than 
a-Si:Sn layers. 
The deposition temperature and the hydrogen partial 
pressure in the reaction chamber are fundamental param-
eters in relation to transport properties. It is by now well 
accepted that raising the substrate temperature during depo~ 
sition or annealing the samples under the crystallization 
temperature are effective methods to remove electronic 
states in the pseudo gap, eliminating voids and enhancing the 
fun coordination of the network. This process alone does not 
generally produce an electronic quality amorphous semicon-
ductor which can only be obtained with the use of hydrogen 
atoms which passivate dangling bonds. The hydrogenation 
process of tetrahedrally coordinated amorphous semicon-
ductors normally reduces the room~temperature conductiv-
ity by orders of magnitude (see Fig. 4). 
With these ideas in mind and looking for a narrow-
band-gap amorphous semiconductor of good electronic 
quality, a deposition temperature of 180°C was chosen for 
the Ge~Sn alloys. According to the crystallization studies on 
unhydrogenated a-Ge:Sn films referred to above, the maxi-
mum tin concentration allowed in the network at this tem-
perature is around 40 at. %. Reference 12 indicates that at 
this temperature larger tin contents would produce an al~ 
toyed polycrystalline material and metal segregation. 
Referring to the samples of the present study, we note 
that only some of those having the largest tin content present 
metallic segregation. The situation is depicted in Table III, 
which clearly indicates the infiuence of the c-Si substrate and 
of the hydrogenation in the enhancement of the segregation 
I. Chambouleyron and F. C. Marques 1594 
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TABLE HI. Metal segregation in a-Ge:Sn films sputtered at 180'C. The 
influence of hydrogen and of the c-Si substrate in the process is evidenced. 
Tin Metal segregation 
Sample content 
No. (at. %) H2 Glass subs. c-Si subs. 
07 21 No No No 
09 27 No No Yes 
08 Yes No Yes 
10 Yes Yes Yes 
process. In the unhydrogenated sample No. 07 no metallic 
segregation was detected, while for the same tin/germanium 
ratio, the presence of hydrogen induces tin segregation on 
samples of series No. 08 deposited onto c-Si substrates. Sam-
ple No. 09 (unhydrogenated) deposited on glass does not 
indicate any metallic tin at the surface, neither by scanni.ng 
electron microscopy (SEM) inspection nor by ESCA. On 
the contrary, the presence of metallic tin on the surface of the 
fUm grown onto c-Si was detected by visual inspection. In 
Fig. 6 a SEM picture of sample No. 09 deposited onto c-Si is 
shown. The figure also shows x-ray diffraction measure-
ments on the same sample, the spectrum giving the charac-
teristic features of fJ-Sn. No diffraction peaks corresponding 
to Ge-Sn crystallites were detected, a result that may be in-
terpreted as being due to either the absence of any crystalli-
zation process at a deposition temperature which is well be-
low the Tc reported in Ref. 12 for samples of similar 
composition, or to the presence of microcrystals not detected 
by x rays. These results indicate that the substrate may playa 
role in the process of metal segregation in amorphous Ge-Sn 
alloys. The increased metal segregation measured in samples 
grown onto c-Si substrates might also be due to a higher 
growth temperature resulting from the higher thermal con-
ductivity and the smaHer thickness ofthe silicon substrate. 
Ifhydrogen is added in the reaction chamber while sput-
tering the target composition of sample No. 09 (sample No. 
10), metal segregation occurs in aU substrates, the metal 
Si 
pi 
/l·s" l 
{l'Sn flr sr ! ! 
28 - 40' 
Fro. 6. Scanning electron microscope picture showing the tin particles on 
the surface of a sample deposited on a c-Si subst:rate that underwent metallic 
segregation. The figure also shows the corresponding x-ray diffraction data 
where the characteristic peaks of the substrate and those of f3-Sn and Sn02 
appear. 
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particles being several micrometers in diameter. The en-
hancement of metal segregation due to the presence of hy-
drogen in the reaction chamber has been reported to also 
occur in a a-Si I _ x Sn,:H films prepared by rf sputtering, 14 
and explained in terms of different sticking probabilities of 
So to Si atoms at the growing surface, depending on the 
presence or absence of atomic hydrogen. According to Ref. 
14, hydrogen atoms would preferentially attach to Si orbi-
tals, the Si-H bond being stronger than the Sn-H bond. In 
such a case the incoming Sn atoms are more likely to bond to 
another Sn on the surface than to a Si atom. The same mech-
anism, however, cannot explain the present results on Ge-Sn 
aHoys because, on one hand, germanium dangling bonds are 
less avid for hydrogen atoms than Si dangling bonds 15 and, 
on the other hand, molecular data on Ge and Sn tetrahy-
drides l6 indicate that the Ge-H bond strength is similar to 
the Sn--H one (69 and 73.7 kcal, respectively). Therefore, 
the preferential attachment mechanism does not suffice to 
explain the metallic segregation induced by hydrogenation 
in a-Ge:Sn alloys. At present, an alternative explanation 
based on the Mossbauer spectra of hydrogenated films and 
calculations on minimum energy of defective Ge clusters 
containing So atoms is being worked out. The results will be 
published elsewhere. 17 
B. Transport properties 
The results on the dark conductivity of a-Ge and a-
Ge:H films shown in Fig. 4 do not differ from those already 
published in the literature. 9 They indicate the important ef-
fects of hydrogenation in the transport properties oftetrahe-
draBy bonded amorphous semiconductors. The cleaning of 
the electronic states in the pseudogap by the action of H 
atoms transforms the dc conductivity, dominated by hop-
ping processes between localized states, into an activated 
type conduction, with carriers in the extended states of the 
bands. The conductivity and activation energy (0.45 eV) 
measured in our a-Ge:H samples are in perfect agreement 
with the model for the density of states in the pseudo gap of 0-
Ge:H proposed by Stutzmann, Stuke, and Dersch. 18 
The results being presented here on the dark conductiv-
ity of a-Ge:Sn:H samples suggest that a defect associated to 
Sn may exist in the lower half of the pseudogap. In effect, the 
addition of a few percent of tin atoms to the a-Ge host 
network (sample No. 04) produces very litde decrease in the 
extrapolated optical band gap and a small decrease in the 
room-temperature (RT) conductivity, which may be asso-
ciated to a 30-meV increase in the activation energy (Eo). 
This change in Ea should correspond to a downward shift of 
the Fermi level produced by a defect center associated to tin 
atoms. It is tempting to correlate the defect center to a nega-
tively charged Sn pending orbital. In unhydrogenated sam-
ples, however, Mossbauer spectra show that up to a value of 
around 1018 em -3 no defect structures exist in tin sites, all Sn 
a toms being bonded in a covalent tetrahedral configuration.6 
The absence of any Sn-H absorption band in the infrared 
spectra of a-Ge:Sn:H films suggests that this situation 
should also prevail in hydrogenated samples. The presence 
of hydrogen, however, may influence the bonding configura-
I. Chambouleyron and F. C. Marques 1595 
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tion and the structure of defects around tin sites, as indicated 
by Mossbauer spectroscopy. I'} Preliminary analyses that 
take into consideration all these data and the calculations 
referred to above indicate that an electronic level produced 
by a different bonding configuration of the tin atom may be 
at the origin of the downward shift of the Fermi level in 
hydrogenated samples. l7 
Referring to hydrogenated samples, Fig. 5 shows two 
regions in the conductivity versus inverse temperature repre-
sentation, corresponding to different conduction mecha-
nisms. At high temperatures an activated conductivity re-
gion appears, the activation energy of which decreases 
monotonically as the tin content in the network increases. In 
the high-temperature regime Ea closely fonows the optical 
band-gap narrowing produced by the addition of tin. In this 
temperature range the overall resistivity reduction with in-
creasing Sn is caused by the activation of carriers across a 
Fermi-level conduction-band reduced gap. Below this acti-
vated region, Fig. 5 shows a nonlinear dependence of con-
ductivity on inverse temperature, an indication of an in-
creased tunneling between an increased density of electronic 
states at the Fermi level. The analysis of Figs. 4 and 5 also 
indicates that the transition temperature between activated 
and mixed conductivity also increases with x, an indication 
that the electronic states appearing in the pseudogap are pro-
duced by tin atoms. Then, it appears that hydrogen becomes 
a less effective passivating agent as the tin concentration in 
the alloy raises. An open question is whether this experimen-
tal finding is only the consequence of the preparation meth-
od or deposition conditions. 
In the case of un hydrogenated material, the addition of 
Sn in any proportion increases the density of defects through 
which the carriers move and the dc conductivity increases at 
all temperatures. These results on a-Ge:Sn samples agree 
well with those of Conell, Temkin, and Paul,20 who found 
that the resistivity of their unhydrogenated samples, at tem-
peratures lower than 300 K, decreased monotonically as the 
tin content was augmented. 
Finally, it should be mentioned that under AMI condi-
tions no photoconductivity was detected in any of the al-
loyed samples. Under the same irradiation conditions a-
Ge:H films of the 02 series possess some photoconductivity, 
estimated to be of the order of 20% at room temperature. If 
Sn is added to the Ge network, however, the effect disap-
pears, an indication that the density of electronic states in the 
pseudo gap becomes exceedingly important. 
C. Optical properties: The fundamental absorption 
edge 
The electronic band structure of crystalline semicon-
ductors having the diamond and zinc-blende structure may 
constitute an appropriate starting point of any speculation 
on the band-gap variations of tetrahedrally bonded amor-
phous semiconductor alloys, which are known to retain the 
gross features of the electronic band structure of their crys-
talline counterparts. A linear interpolation between the elec-
tronic band structures of crystalline Ge and a-So (Ref. 13) 
gives, for the alloy, a band-gap variation with a composition 
of 
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dEg 
d [Sn] = - 12 meV lat. % So. 
The above expression predicts a zero-band-gap alloy for a tin 
content of nearly 66 at. % (see Fig. 7). This linearinterpola-
tion is a crude assumption but should roughly reflect the 
band-gap variation of actual compounds. Temkin et a1.5 suc-
ceeded in the preparation of amorphous Ge-Sn aUoys of 
composition up to 50-at. % tin. These authors performed 
eHipsometric and infrared transmi.ssion measurements and 
found a systematic change of the band structure going in the 
direction of the theoretical predictions, although no figures 
for band-gap variations with composition were given. 
Sato, Yamaguchi, and Ozake I studied the transport 
properties of amorphous Ge-Sn films prepared by vacuum 
evaporation. The pseudo gap of the films was deduced from 
dc conductivity measurements for samples containing 
between 10- and 20-at. % tin. These results are also dis-
played in Fig. 7, where the linearly interpolated band gap is 
represented as a function of composition. Figure 7 also 
shows the extrapolated band gaps of Fig. 1 and Table II. Let 
us remember that we are considering unhydrogenated sam-
ples only. 
The band-gap values determined in Ref. 21 do not corre-
spond to either the theoretical predictions or to the experi-
mental determinations of the present paper. Moreover, the 
optical band gaps extrapolated from the intrinsic absorption 
region of the samples ofthe present work confirm the trends 
and values of the theoretical interpolation between the band 
structures of c-Ge and a-Sn. 
D. Infrared absorption 
Although the vibrational properties of a-Ge:H have not 
been as extensively studied as those of a-Si:H, there is general 
agreement on the gross features of their main absorptions 
bands. The interpretation parallels that for a-Si:H. 7 The 
stretching modes show two components: the 1970-cm-! 
component is due to Ge-H2 groupings and to Ge-H inside 
large cavities while the 1895-cm -I component corresponds 
t~ Ge-H .in a cavity of the size of a monovacancy. The wag-
gm~-ronmg mode appears at 565 em - !, the strength of 
WhICh has been shown to be proportional to the hydrogen 
concentration in the material. 22 The spectra do oot show any 
absorption around 800 em - I, an indication of the absence of 
polygennane (GeHz) n .22.23 As pointed out above, no in-
, 
~ 
:> 081- II-Ge S ... ~ .. \ .. ,. 
" 0.4 lit ., ", 
~ ~ . * ."\"\ 
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TIN CDNTENT nu 
FIG. 7. Band-gap variation 
of Ge-Sn alloys as a func-
tion of composition. The 
dotted line gives the forbid-
den band resulting from a 
linear interpolation 
between the electronic 
band structures of c-Ge and 
!3-Sn. The filled stars are 
the values deduced from 
conductivity measure-
ments by Sato et aU' The 
filled circles correspond to 
the extrapolated optical 
gaps of the present work. 
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frared absorption bands corresponding to the Sn~H stretch-
ing modes (which should occur at frequencies below those 
associated to Ge-H) appear in the transmission spectra of 
hydrogenated Ge-Sn alloys. The Sn-H wagging vibrations, 
as well as the infrared absorption band of the Sn-O bonds, 
are expected to occur within the range of the vibrational 
frequencies of the host Ge network. It was assumed then that 
all the hydrogen was bonded to Ge atoms, its concentration 
being 
Nfl =Aw f (U--1a(w)d(v, 
Jwagg 
whereA w = 1.1 X 1019 cm- 2 and a(w) is the absorption co-
efficient of the wagging mode at 565 em - I. A small shift on 
the peak value of the infrared absorption bands was mea-
sured in the ailoys. For example, in sample No. 06 the maxi-
mum absorption in the wagging mode occurs at 550 em -- I. 
The same type of shifts appears in the stretching mode ab-
sorptions. This fact simply reflects the different bonding en-
vironment provided by the anoyed network to the german-
ium- hydrogen bonds. The shifts of the peaks calculated, 
taking into account the Ge and Sn respective masses and 
their relative concentration in the samples, are in excellent 
agreement with the measured values. The absence of any 
absorption at 0.09 eV in our samples was taken as an indica-
tion that they were not oxygen contaminated. 
V. CONCLUSIONS 
This paper provides some new features concerning the 
semiconductor properties of amorphous Ge-Sn alloys. The 
use of hydrogenation to passivate defect states of the materi-
al is reported for the first time. The preparation conditions 
leading to low-band-gap amorphous semiconductors are de-
scribed and the bonding configuration of both elements ana~ 
lyzed. We also reported for the first time on the dependence 
of the optical band gap as a function of material composition, 
as well as the limits of tin incorporation to the a-Ge network 
under the reported deposition conditions. The main findings 
of the work are as follows: 
( 1) The incorporation of Sn atoms into the a-Ge 
network narrows the band gap at a rate of approximateiy 12-
meV lat. % tin. Conversely, and in a way similar to a-Si:H 
and a~Ge:H, the addition of hydrogen widens the optical 
band gap. A concomitant Ge defect passivation mechanism 
is found to occur in the samples. 
(2) The hydrogenated samples show an activated type 
dark conductivity, the value of the activation energy depend~ 
ing on the tin content as well as on the hydrogen content, The 
a-Ge:Sn samples present, on the contrary, a dark conductiv-
ity versus temperature behavior typical of electronic con-
duction through localized states in the pseudogap, 
(3) No measurable photoconductivity under AM 1 con~ 
ditions was found in hydrogenated samples containing Sn, 
( 4) Depending on the deposition temperature, metallic 
segregation may occur, At 180·C substrate temperature the 
segregation mechanism begins for tin concentrations of 
around 20 at. %. The process proved to also depend on the 
nature of the substrate and is, in all cases, enhanced by the 
presence of hydrogen in the reaction chamber. 
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(5) Infrared transmission spectra of alloyed samples in~ 
dicate that hydrogen atoms bond only to Ge orbitals. No Sn-
H vibrations were detected in the 400-4000-cm - I range. 
This experimental finding is analyzed in terms of Mossbauer 
spectra and theoretical calculations. 
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